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ABSTRACT 


THE  EFFECT  OF  PREDEFORMAT I OH  ON  THE  CREEP 
BEHAVIOR  AND  RUPTURE  LIFE  OF  MA  754 
ROBERT  THOMAS  MARLIN 


Tests  were  conducted  on  a  nickel-base  superalloy  after  prede¬ 
forming  the  material  by  applying  a  high  strain  (2  x  10"5  sec”1)  to 
the  specimens  before  creep  testing.  The  effect  of  the  predeforma¬ 
tion  on  the  creep  behavior  and  stress  rupture  life  was  evaluated. 

The  material  tested  was  a  nickel-base,  oxide  dispersion  strength¬ 
ened  solid  solution  alloy  developed  by  the  International  Nickel  Com- 

* 

pany  and  called  MA  754.  The  material  Is  formed  by  mechanical  alloy¬ 
ing  and  powder  metallurgy  techniques. 

After  predeforming  the  specimens  by  applying  a  276  MPa  stress 
until  the  desired  amount  of  prestrain  was  attained,  the  specimens  were 
crept  at  224  MPa  until  failure.  Both  predeformation  and  creep  test¬ 
ing  were  conducted  at  760°C^  </  L  r -*6 — 

The  minimum  creep  rate  decreased  as  the  amount  of  prestrain  ap¬ 
plied  Increased  and  was  a  factor  of  two  lower  than  the  standard  at 
1.22  prestrain.  Also,  the  prestrained  specimens  reached  their  minimum 
creep  rates  in  a  shorter  period  of  time  than  the  standard  specimens. 

The  rupture  life  Increased  with  Increasing  amounts  of  prestrain  up  to 
0.62  prestrain  and  then  decreased  with  further  prestrain,  but  was  still 
slightly  greater  than  the  life  of  the  standard  at  1.22  prestrain. 

Transmission  electron  microscopy  revealed  dislocations  being  emit¬ 
ted  from  particle-matrix  Interfaces  and  an  apparent  Increase  In  dislo¬ 
cation  density  with  Increasing  amounts  of  prestrain.  The  observations 
suggest  that  a  dispersion  hardening  effect  may  be  occurring. 
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I.  INTRODUCTION 

The  Influence  of  notches  on  the  creep  rupture  strength  of  an 
oxide  dispersion  strengthened  (ODS)  alloy  has  been  demonstrated.1 
The  study  used  normal  notched  bars  (^>3)  and  sharp-edged  notched 
sheet  (Kj.s10)  of  an  ODS  alloy  and  found  a  notch  strengthening  effect 
in  both  cases.  Two  possible  explanations  for  the  strengthening  are 
offered.  1)  Smooth  bar  fracture  occurs  by  grain  boundary  sliding  and 
transverse  grain  boundary  delamination.  Due  to  a  high  grain  aspect 
ratio  of  approximately  10  to  1,  the  region  affected  by  the  notch  Is 
small  compared  to  the  average  longitudinal  grain  length  and  a  smaller 
number  of  transverse  grain  boundaries  may  be  affected.  2)  The  stress 
concentration  at  the  notch  tip  may  cause  a  change  in  the  creep  and 
stress  rupture  properties  of  the  material  surrounding  the  notch. 

A  study  has  been  done  to  determine  the  stress  redistribution  in 
notched  bars  during  creep  testing.  The  study  showed  that  the  strain 
rate  is  initially  very  high  in  the  region  near  the  notch  tip  and  de¬ 
creases  as  the  distance  from  the  tip  increases.  After  a  period  of  time 
a  stationary  state  exists  and  the  strain  rate  is  fairly  uniform  through¬ 
out  the  section  due  to  stress  relief  during  creeping.  By  predeforming 
specimens  using  a  high  stress  and  then  reducing  the  stress  and  creep 
testing,  the  conditions  at  the  notch  tip  can  be  simulated. 

In  order  to  determine  if  the  creep  and  rupture  properties  are 
affected  by  the  high  stresses  around  a  notch  tip,  predeformation  tests 
were  done  on  the  ODS  alloy  MA  754. 
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II.  EXPERIMENTAL  PROCEDURE 

A.  Material 

INCONEL  alloy*  MA  754  was  used  for  all  tests.  MA  754  is  a 
nickel -base  solid  solution  alloy  strengthened  by  a  small  volume  frac¬ 
tion  of  yttrium  oxide  dispersolds.  Table  1  lists  the  nominal  chemical 
composition  of  the  alloy.  After  mechanical  alloying  and  consolidation 
of  the  powder  by  extrusion,  the  material  receives  a  moving  zone  heat 
treatment  in  order  to  develop  elongated  grains.  It  is  then  rolled 
into  a  2.8  x  8.3  cm  billet  and  given  a  standard  high  temperature  heat 
treatment  of  1316°C/2  hrs/air  cool  which  coarsens  the  grain  structure. 

Specimens  were  machined  from  heat  treated  bar  stock  material  and 
were  cut  parallel  to  the  extrusion  axis.  All  specimens  had  a  nominal 
gage  length  of  12.70  mm  and  a  nominal  gage  diameter  of  3.18  mm.  The 
gage  diameter  of  each  specimen  was  determined  to  within  ±0.01  mm  with 
a  micrometer,  and  the  load  set  on  the  creep  machine  was  based  on  this 
measurement.  Specimens  were  photographed  and  enlarged,  and  the  actual 
gage  length,  defined  as  the  section  of  constant  diameter  bounded  by 
radiused  fillets,  was  calculated  to  within  ±  0.1  mm. 

Samples  of  virgin  material  and  post-crept  specimens  were  polished 
on  progressively  finer  papers  to  1  urn  diamond  grit,  then  electrolyt- 
ically  or  chemically  etched.  Optical  microscopy  was  done  on  a  Zeiss 
Ultraphot  II  microscope. 

For  transmission  electron  microscopy,  thin  slices  approximately 
0.35  mm  thick  were  cut  using  a  diamond  saw,  mechanically  ground  down 
to  0.05  mm  and  electrothlnned  until  perforation  occurred  using  a  Fish- 
lone  Model  120  automatic  jet  polisher.  The  foils  were  examined  In  a 
JE0LC0  transmission  electron  microscope  (Model  JEM-1 00C)  operating  at 

*  Trademark  of  the  International  Nickel  Company 
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Table  1. 

Nominal 

chemical 

composition  of 

MA  754 

Ni 

Cr 

Fe 

Ti 

Al 

C 

Y2°3 

76.8 

20.1 

1.4 

0.5 

0.25 

0.06 

0.6 

4 


100  Kv. 

The  grain  structure  of  MA  754  Is  shown  In  figure  1.  The  grains 
have  long  and  short  transverse  grain  sizes  of  about  60  and  45  yin  re¬ 
spectively,  and  a  grain  aspect  ratio  of  approximately  10  to  1. 

Figure  2  shows  the  microstructure  of  the  as-received  material. 

The  microstructure  of  MA  754  consists  of  a  dispersion  of  yttrium  oxides 
twins,  and  coarser  Inclusions  thought  to  be  carbides  or  carbonltride 
phases.^"®  The  coarser  inclusions  occur  randomly  throughout  the  matrix 
and  at  grain  boundaries. 

B.  Equipment  and  Creep  Testing  Procedure 

All  creep  tests  were  done  using  an  Amsler  type  STFM  746  lever 
arm  testing  machine  with  manual  realignment  capability.  Universal 
joints  (two  degrees  of  rotational  freedom)  were  used  in  the  load  train 
to  further  minimize  bending  moments.  The  machine  was  periodically  cal 
ibrated  with  a  500  lb.  load  cell  to  insure  that  the  applied  load  re¬ 
sulted  in  the  proper  stress.  The  temperature  was  continuously  moni¬ 
tored  using  a  strip  chart  recorder  with  an  electronic  cold  junction 
corrected  chromel-alumel  thermocouple.  The  furnace  temperature  at  the 
specimen  was  controlled  to  within  ±  3.0°C.  The  typical  temperature 
gradient  along  the  short  gage  length  is  less  than  1°C. 

Creep  strains  were  monitored  with  a  Hewlett-Packard  linear  var¬ 
iable  displacement  transducer  (LVDT)  linked  to  an  Omni  scribe  strip 
chart  recorder.  An  internal  extensometer  measured  the  strain  to  with¬ 
in  0.001  percent. 

The  specimens  were  predeformed  by  applying  a  stress  of  276  MPa 


5 


Fig.  1.  Photomicrographs  of  the  grain  structure  of 
MA  754  showing  the  a)  long  transverse  and  longitudinal 
grain  dimensions,  and  b)  the  short  transverse  and  long¬ 
itudinal  grain  dimensions. 
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at  760°C  until  a  desired  amount  of  strain  was  attained.  Prestrain 
values  of  0.3%,  0.6%,  0.9%,  and  1.2%  were  chosen.  The  load  was  then 
carefully  removed  and  reduced  to  give  a  stress  of  224  MPa.  The  spec¬ 
imens  were  then  crept  to  failure  at  760°C. 

For  each  test  a  steady  state  creep  rate  was  determined  with  a 
computer  program  that  fitted  a  straight  line  to  the  strain  and  time 
measurements  taken  between  the  Inflection  points  marking  the  end  of 
primary  and  the  beginning  of  tertiary  creep  and  found  the  slope  of 
this  line.  The  technique  used  was  linear  regression  by  the  method 
of  least  squares. 

C.  Error 

Systematic  errors  In  the  strain  and  strain  rate  measurements 
can  arise  from  errors  In  LVDT  calibration  and  from  the  output  of  the 
strip  chart  recorder.  Random  errors  may  stem  from  gage  length  mea¬ 
surement  on  specimen  photographs,  micrometer  measurement  of  the  gage 
diameter,  and  estimation  of  fractions  of  divisions  on  the  strip  chart. 
By  taking  the  square  root  of  the  sum  of  the  squares  of  all  the  errors 
defined  above®,  the  accuracy  of  any  strain  rate  is  found  to  be  at  most 
±  5.0  percent  of  the  strain  rate. 

Errors  in  applied  stress  can  result  from  errors  In  weight  place¬ 
ment  on  the  lever  arm  and  errors  In  gage  diameter  measurement.  The 
applied  stresses  are  accurate  to  within  ±1.4  percent  of  the  stress 
magnitude  In  the  worst  case. 

Errors  In  the  amount  of  prestrain  applied  can  arise  from  diffi¬ 
culty  In  determining  the  exact  elastic  to  plastic  deformation  point 
and  from  estimation  of  fractions  of  divisions  on  the  strip  chart. 


III.  EXPERIMENTAL  RESULTS 


A  typical  creep  curve  for  the  creep  conditions  of  276  MPa  and 
760°C  Is  presented  In  figure  3  and  shows  that  the  amounts  of  prestrain 
all  fall  within  the  primary  creep  region  of  the  curve.  Consequently, 
there  should  be  no  cracking  In  the  specimens  during  the  predeformation 
process.  Examination  of  specimens  after  prestraining  revealed  no  ob¬ 
vious  grain  structure  changes  or  cracking  of  grain  boundaries. 

A  plot  of  minimum  creep  rate  at  224  MPa  versus  amount  of  pre¬ 
strain  at  276  MPa  shows  that  the  minimum  creep  rate  decreases  with 
Increasing  amounts  of  prestrain  and  Is  lower  than  the  standard  speci¬ 
men  minimum  creep  rate  by  a  factor  of  two  at  1.2%  prestrain  (Figure  4). 

Figure  5  shows  that  the  average  stress  rupture  life  at  224  MPa 
Increases  with  Increasing  amounts  of  prestrain  until  0.6%  prestrain. 
After  0.6%  prestrain  the  rupture  life  decreases,  but  is  still  slightly 
greater  for  the  1.2%  prestrained  specimens  than  the  rupture  life  of 
the  standard  specimens. 

A  set  of  higher  minimum  creep  rate  values  exist  as  shown  by  the 
dashed  line  In  figure  4.  The  higher  creep  rates  also  decrease  with 
Increasing  amounts  of  prestrain. 

As  shown  In  figure  5,  the  rupture  lives  corresponding  to  the 
higher  creep  rates  (dashed  curve)  Increase  from  a  value  lower  than 
the  average  standard  specimen  rupture  life  at  0.3%  prestrain. 

A  plot  of  strain  rate  versus  time  shows  that  the  time  to  reach 
the  minimum  creep  rate  decreases  as  the  amount  of  prestrain  Increases 
(Figure  6).  The  minimum  creep  rate  for  the  0.6%  prestrained  test  Is 
lower  than  the  standard  minimum  creep  rate,  and  the  rupture  life  Is 
substantially  Increased.  The  1.2%  prestrained  test  minimum  creep 


conditions  of  276  MPa  and  760* 


Strain  rate  versus  time  plot  of  standard,  0.6% 
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rate  Is  lower  than  the  0.6%  test,  but  the  creep  rate  Increases  after 
a  short  period  of  time,  and  the  strain  rate  versus  time  curve  roughly 
parallels  the  standard  specimen  curve.  The  rupture  life  of  the  1.2% 
test  Is  slightly  greater  than  that  of  the  standard. 

Figure  6  also  shows  that  In  the  late  tertiary  stage  of  creep  the 
creep  rate  accelerates  leading  to  failure  In  all  tests.  A  table  of 
the  time  until  a  creep  rate  of  1  x  10"6  per  second  occurs  and  the 
corresponding  total  strain  at  that  point  reveals  that  the  creep  rate 
accelerates  when  a  total  accumulated  strain  of  6.6%  Is  reached  (Table 
2).  The  value  Is  Independent  of  the  creep  rates  or  the  rupture  lives 
of  the  specimens.  Table  3  Is  a  similar  display  of  the  time  until  the 
beginning  of  the  tertiary  stage  of  creep  and  the  total  accumulated 
strain  at  that  point.  The  tertiary  stage  also  begins  at  a  constant 
accumulated  strain  value.  Independent  of  creep  rate  and  rupture  life. 

Failure  of  the  specimens  occurs  by  crack  formation  and  delamina¬ 
tion  at  transverse  grain  boundaries.  Figure  7  is  a  photomicrograph 
showing  transverse  grain  boundary  cracking  In  a  specimen  crept  to 
failure  at  224  MPa. 

Figure  8  Is  a  transmission  electron  microscopy  (TEM)  micrograph 
of  a  specimen  showing  dislocations  being  emitted  from  a  carbide- 
matrix  Interface. 

From  TEM  micrographs  of  the  standard,  0.6%,  and  1.2%  prestrain¬ 
ed  specimens,  the  approximate  dislocation  density  was  calculated  using 
a  method  documented  by  Hlrsch  et  al.6  Due  to  variations  In  foil  thick 
ness  and  the  variation  in  dislocation  density  around  twins  and  parti¬ 
cles,  the  calculated  dislocation  densities  are  approximate.  However, 
the  density  values  can  still  be  used  for  relative  comparisons.  Figure 
9  Is  a  graph  of  the  average  dislocation  density  versus  the  amount  of 
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Table  2.  Time  until  accelerated  creep  rate  and 
corresponding  strain. 


CONDITION 


TIME  UNTIL-  , 
e  =  1  x  106  s”-1  (HRS) 


%e  AT 
224  MPa 


TOTAL  %e  (IN¬ 
CLUDING  PRE  e) 


STD 

0.3% 

0.6% 

0.9% 


53 

62 

81 

70 


6.3 

6.4 

6.5 
5.8 


6.3 

6.7 

7.1 

6.7 


1.2% 


66 


5.2 
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Fig.  7.  Photomicrograph  showing  transverse  grain 
boundary  cracking  in  a  specimen  crept  to  failure  at 
224  MPa. 


prestrain  and  shows  that  the  dislocation  density  Increases  with 
Increasing  amounts  of  prestrain. 
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Figure  10  Is  a  TEM  micrograph  of  the  area  just  below  the  frac¬ 
ture  surface  of  a  specimen  crept  to  failure  at  224  MPa  and  shows  a 
high  dislocation  density  and  the  absence  of  any  dislocation  substruc¬ 
ture. 


Plot  of  average  dislocation  density  versus 
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IV.  DISCUSSION 

The  decrease  In  minimum  creep  rate  can  be  attributed  to  a  dis¬ 
persion  hardening  effect.  Local  shear  stresses  develop  around  MC 
carbides  (Cr,  T1)  during  the  predeformation  phase  of  the  test,  and 
In  order  to  accommodate  the  stresses,  localized  slip  occurs  In  the 
region  of  the  carbides  and  dislocations  are  emitted  from  the  particle- 
matrix  Interface.  In  this  way  the  carbides  become  dislocation  sources. 
The  process  by  which  dislocations  are  emitted  from  the  particle  and 
metal  matrix  Interface  has  been  reported  by  Ashby,  Gelles,  and  Tanner.8 
The  Increase  In  dislocation  density  with  Increasing  amounts  of  pre¬ 
strain  and  the  high  dislocation  density  at  failure  suggest  that  the 
dislocation  sources  operate  during  the  entire  course  of  the  test. 

The  carbides  generate  dislocations  which  are  pinned  by  the  In¬ 
coherent  yttrium  oxide  dlspersolds  and  thereby  Increase  the  creep 
resistance  of  the  material.  As  the  amount  of  prestrain  Increases, 
more  dislocations  are  generated  and  Immobilized  and,  hence,  the  lower 
minimum  creep  rate. 

As  previously  shown  In  tables  2  and  3,  the  tertiary  stage  of 
creep  begins  at  approximately  2%  total  accumulated  strain,  and  the 
accelerated  tertiary  stage  begins  at  roughly  6.6*  total  strain.  Pre¬ 
vious  studies  on  MA  754  have  shown  an  apparent  strain  controlled 
failure  criterion/  and  this  Investigation  supports  the  findings. 

The  time  to  attain  the  minimum  creep  rate  decreases  as  the  amount 
of  prestrain  Increases  due  to  the  greater  amount  of  strain  accumulated 
in  a  shorter  period  of  time  during  the  high  strain  rate  (2  x  10“5  sec"^ 
process  of  prestraining.  In  other  words,  after  the  prestrain,  less 
accumulated  strain  Is  needed  In  order  to  reach  the  total  strain  value 
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that  Identifies  the  end  of  the  primary  stage  of  creep,  and  less  time 
Is  needed  to  reach  that  value  of  strain  under  the  224  MPa  creep  condition. 

As  previously  mentioned  and  shown  In  figure  6,  the  minimum  creep 
rate  for  the  1.2%  prestrained  test  Is  a  factor  of  two  lower  than  that 
of  the  standard  specimen,  but  the  rupture  life  Is  only  slightly  greater 
than  that  of  the  standard.  On  the  other  hand,  the  minimum  creep  rate 
for  the  0.6%  prestrained  specimen  Is  only  slightly  less  than  that  of 
the  standard,  but  the  rupture  life  Is  significantly  longer.  At  1.2% 
prestrain,  the  accumulated  strain  reaches  the  value  needed  for  crack¬ 
ing  and  delamlnatlon  of  the  transverse  grain  boundaries  (tertiary 
stage  of  creep)  after  a  short  period  of  time.  Transverse  grain  bound¬ 
ary  cracking  and  delamlnatlon  occur  and  the  creep  rate  Increases  causing 
a  rupture  life  only  slightly  greater  than  that  of  the  standard  specimen. 
The  0.6%  prestrained  sample  has  a  higher  minimum  creep  rate  than  the 
1.2%,  but  perhaps  more  Importantly,  the  total  accumulated  strain  Is 
less.  The  creep  resistance  of  the  material  Is  Increased  and  more  time 
Is  needed  to  reach  the  total  strain  necessary  for  the  beginning  of  the 
tertiary  stage  of  creep.  Consequently,  the  rupture  life  Is  signifi¬ 
cantly  extended. 

The  scatter  In  the  rupture  lives  of  the  specimens  (Figure  5)  can 
be  attributed  to  specimen  to  specimen  differences  In  crack  Initiation 
and  crack  propagation  rate  along  transverse  grain  boundaries. 

The  higher  creep  rates  observed  at  the  prestrained  conditions 
(dashed  line  In  figure  4)  may  be  caused  by  a  higher  defect  density 
In  some  of  the  specimens.  A  test  with  a  creep  rate  that  was  over 
twice  the  average  minimum  creep  rate  of  the  specimens  at  the  same 
prestrain  condition  was  Interrupted  after  11.5  hours  and  showed  a 
number  of  large  Inclusions  In  the  matrix  (Figure  11).  The  grain  size 


1$  considerably  smaller  around  the  Inclusions,  and  transverse  grain  bound¬ 
ary  cracking  Is  observed  In  the  vicinity  of  the  Inclusions.  The  Inclusions 
are  found  In  the  as-received  material  as  well  as  the  crept  specimens  and  may 
be  produced  during  the  extrusion  phase  of  the  fabrication  process. 

A  high  density  of  smaller  Inclusions  may  weaken  the  material  and 
decrease  the  creep  resistance  In  a  similar  manner  to  that  of  the  larger 
Inclusions  but  with  less  drastic  consequences.  Figures  12-15  are  optical 
photomicrographs  of  specimens  crept  to  failure  after  being  prestrained 
to  0.6%,  cut  longitudinally,  and  polished.  Figures  12  and  13  are  from 
a  specimen  with  a  minimum  creep  rate  comparable  to  the  average  minimum 
creep  rate  at  that  condition.  The  highest  density  of  transverse  grain 
boundary  cracks  occurs  near  the  fracture  surface  and  decreases  as  the  dis¬ 
tance  from  the  fracture  surface  Increases.  Figures  14  and  15  are  from  a 
specimen  with  a  minimum  creep  rate  of  nearly  twice  the  average  creep  rate. 
Figure  14  reveals  a  large  Inclusion  In  the  matrix,  but  of  more  signifi¬ 
cance  Is  the  transverse  grain  boundary  cracking  away  from  the  fracture 
surface  and  a  considerably  lower  crack  density  near  the  fracture  surface. 
Figure  15  also  shows  a  large  number  of  cracks  In  the  matrix.  A  high  de¬ 
fect  density  may  be  weakening  the  material  and  contributing  to  the  forma¬ 
tion  of  cracks  away  from  the  fracture  surface.  A  number  of  longitudinal 
Inclusions  are  visible  In  all  the  photomicrographs,  but  a  judgment  on  the 
density  of  the  small  inclusions  cannot  be  made. 

The  defects  may  decrease  the  creep  resistance  of  the  material,  but 
the  decrease  In  minimum  creep  rate  with  Increased  amounts  of  prestrain 
Indicates  that  a  dispersion  hardening  effect  still  occurs. 

One  may  contend  that  In  spite  of  the  higher  density  of  cracks  away 
from  the  fracture  surface  In  the  higher  creep  rate  specimens,  there  Is 
only  one  line  that  can  be  fit  to  all  the  points  and  not  two  distinct 


twice  that  of  the  average  minimum  creep  rate  at  0.6%  prestrain 


lines  as  was  assumed  In  this  report.  If  one  fits  a  line  to  all  the  points 
by  a  least-squares  linear  regression,  the  correlation  coefficient,  which 
Is  a  measure  of  the  "degree  of  fit"  of  the  given  points  to  the  least-square 
line.  Is  calculated  to  be  53.7%.  On  the  other  hand,  the  correlation  coef¬ 
ficients  of  lines  fit  separately  to  the  higher  creep  rate  points  and  the 
normal  creep  rate  points  are  93.2%  and  91.5%  respectively. 

If  one  line  Is  fit  to  the  data,  one  finds  that  the  minimum  creep  rate 
still  decreases  with  Increasing  amounts  of  prestrain  (Figure  16).  However, 
a  plot  of  the  average  rupture  life  versus  amount  of  prestrain,  using  all 
the  points,  shows  a  slight  Increase  In  the  rupture  life  up  to  0.9%  prestrain 
and  then  a  decrease  (Figure  17).  A  short  rupture  life  can  be  attributed  to 
premature  failure  caused  by  defects  in  a  specimen,  but  a  long  rupture  life 
has  to  be  accounted  for  In  some  way.  Figure  17  shows  that  the  long  rupture 
lives  at  the  0.6%  prestrained  condition  are  longer  than  those  at  the  0.9% 
condition,  and  the  curve  does  not  reflect  this  observation.  In  other  words, 
a  single  curve  Ignores  the  long  rupture  lives  which  must  be  accounted  for. 

If  separate  curves  are  plotted  for  the  higher  creep  rate  specimens  and  the 
normal  creep  rate  specimens,  the  curve  for  the  normal  specimens  reflects 
the  longer  rupture  lives  at  0.6%  prestrain. 

The  apparent  Increase  In  the  rupture  lives  of  the  specimens  with  the 
higher  creep  rates  (Figure  5)  with  Increasing  amounts  of  prestrain  may  be 
due  to  stress  relaxation  around  the  defects.  The  stresses  around  defects 
may  be  relieved  by  local  deformation  caused  by  the  prestraining  process. 

At  0.3%  prestrain,  the  deformation  may  not  be  sufficient  to  relieve  the 
stresses  and,  therefore,  cracking  occurs  In  the  vicinity  of  the  defects 
causing  a  shortened  rupture  life.  As  the  amount  of  prestrain  Increases, 
more  of  the  stresses  around  the  defects  are  relieved  by  deformation  and 
the  rupture  life  Increases. 


Fig.  17. 
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It  Is  Interesting  to  note  that  the  lines  for  both  the  higher  strain 
rate  points  and  the  "normal"  strain  rate  points  seem  to  converge  at  some 
value  greater  than  the  1.2*  prestrain  value  (Figure  4).  In  order  to  con* 
verge,  the  decrease  in  minimum  creep  rates  for  the  higher  strain  rate 
specimens  must  be  greater  than  the  decrease  In  the  normal  specimens.  The 
larger  decrease  in  the  minimum  creep  rates  for  the  higher  creep  rate  spec¬ 
imens  with  increasing  amounts  of  prestrain  may  be  attributed  to  a  combina¬ 
tion  of  the  dispersion  hardening  and  stress  relaxation  effects.  As  the 
amount  of  prestrain  increases,  the  stresses  which  cause  cracking  around  defects 
are  relaxed  and  the  specimens  are  less  susceptible  to  premature  cracking 
and,  in  essence,  become  more  creep  resistant.  This  effect  combined  with 
the  dispersion  hardening  effect  caused  by  the  predeformation  process  may 
account  for  the  larger  decrease  in  the  minimum  creep  rates  of  the  higher 
creep  rate  specimens,  causing  the  convergence  of  the  curves. 

As  alluded  to  in  the  Introduction,  this  study  was  undertaken  in  order 
to  determine  if  the  creep  and  stress  rupture  properties  of  MA  754  change 
due  to  deformation  caused  by  high  stresses  around  a  notch  tip,  and  If  the 
properties  are  altered,  can  a  notch  strengthening  effect  be  explained  In 
terms  of  the  change  in  properties.  The  creep  rate  and  stress  rupture  life 
of  MA  754  after  predeformation  are  definitely  affected  and  the  changes  can 
contribute  to  a  notch  strengthening  effect.  However,  a  geometric  effect 
still  may  exist,  and  strengthening  may  be  due  to  a  combination  of  both  geo¬ 
metric  and  dispersion  hardening  effects. 
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V.  CONCLUSIONS 

Predeformation  by  small  amounts  of  tensile  creep  has  a  definite 
effect  on  the  creep  and  stress  rupture  properties  of  HA  754.  This  pre¬ 
deformation  causes  dislocation  emission  at  particle-matrix  Interfaces, 
and  the  dislocations  are  pinned  by  the  dispersion  of  oxide  particles, 
thereby  Increasing  the  creep  resistance  of  the  material.  The  average 
minimum  creep  rate  decreases  with  Increasing  amounts  of  prestrain  due  to 
the  dispersion  hardening  effect. 

The  average  stress  rupture  life  Increases  up  to  0.6%  prestrain, 
but  then  decreases  due  to  an  early  onset  of  the  tertiary  creep  stage  caused 
by  accumulated  strain  damage.  There  is  evidence  of  a  strain  controlled 
failure  criterion. 

A  change  in  the  creep  and  stress  rupture  properties  of  the  material 
due  to  high  stresses  around  a  notch  tip  can  account  for  the  notch  strength¬ 
ening  observation  in  MA  754,  but  it  is  not  known  whether  the  effect  Is  sole 
ly  responsible  for  the  strengthening.  A  geometric  effect  may  still  exist, 
and  the  notch  strengthening  may  be  due  to  a  combination  of  both  geometric 
and  dispersion  hardening  effects. 
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